Introduction
============

Lung cancer is the world's leading cause of cancer deaths, and this disease has a poor prognosis and severely threatens human life; lung cancer includes non-small-cell lung cancer (NSCLC), which accounts for \~85% of cases [@R1]--[@R4]. Currently, the most commonly mutated gene in NSCLC patients is epidermal growth factor receptor (*EGFR*) \[116/400 (29%)\] [@R3]--[@R5]. Epidermal growth factor tyrosine kinase inhibitors (EGFR-TKIs) are a first-line treatment for NSCLC patients carrying *EGFR* mutations [@R3],[@R6]. However, with persistent use of TKI molecular targeted therapy alone, NSCLC patients eventually develop TKI resistance, leading to treatment failure [@R2],[@R7]--[@R9].

Liver X receptors (LXRs) belong to the nuclear receptor superfamily and are ligand-activated transcriptional factors [@R10]--[@R13]. LXRs are recognized as important regulators of cholesterol, fatty acid metabolism, inflammatory responses, and glucose homeostasis [@R14]--[@R16]. Two isoforms have been described: LXRα and LXRβ. LXRα is highly expressed in the liver and at lower levels in the lungs, adrenal glands, intestine, adipose, macrophages, and kidneys, whereas LXRβ is ubiquitously expressed [@R11],[@R17]. Natural and synthetic ligands have already been developed and have effective therapeutic properties in murine models, where they have been used for the treatment of diabetes, atherosclerosis, and Alzheimer's disease [@R18],[@R19]. Over recent years, the antineoplastic properties of synthetic LXR agonists (T0901317 and GW3965) have been reported in human carcinomas, such as breast and prostate [@R10],[@R17],[@R20],[@R21]. T0901317 can also induce G1 cell cycle arrest in many cancer cell lines, including H1299 cells [@R21]. We believe that LXR agonists have a beneficial antineoplastic effect that could be useful for treating NSCLC.

We further determined whether these drugs have an effect on cell migration and invasiveness. In a previous study, we proved that the LXR agonist T0901317 could reverse EGFR-TKI treatment resistance in A549 and HCC827-8-1 human lung cancer cells by inhibiting the activation of *AKT* [@R11]. Alioui and colleagues confirmed that when LXRs were genetically ablated, carcinogenic invasiveness was highly promoted in prostate cancer [@R13]. A well-established finding that supported tumor aggressiveness was the overexpression of matrix metalloproteinases (MMPs), which allow cells to efficiently degrade the surrounding matrix and migrate [@R13]. The authors found enhanced expression of Mmp1, Mmp2, Mmp7, and Mmp9, and marked accumulation of the MMP9 protein in Pten^pc−/−^LXRαβ^−/−^ prostate samples. Accordingly, we believe that T0901317 has therapeutic potential in lung cancer cells. We aimed to determine the effects of T0901317 and/or an EGFR-TKI on the lung cancer cell lines A549 and HCC827-8-1 *in vitro* and *in vivo*.

Materials and methods
=====================

Materials
---------

T0901317 was purchased from Cayman Chemical (Ann Arbor, Michigan, USA). Gefitinib (Iressa) was purchased from AstraZeneca UK Limited (Macclesfield, UK). All drugs were suspended in DMSO and stored at −20°C. Antibodies against MMPs, E-cadherin, and β-actin were obtained from Cell Signaling Technology (Danvers, Massachusetts, USA).

Cell lines
----------

The A549 cell line was purchased from the Shanghai Institute for Biological Sciences, Chinese Academy of Cell Resource Center (Shanghai, China). A549 cells are an NSCLC line carrying the KRAS mutation. HCC827-8-1 cells were generated from HCC827 (gefitinib-sensitive) cells and maintained at the Affiliated Cancer Hospital of Nanjing Medical University. Cells were cultured at 37°C with 5% CO~2~ in RPMI-1640 supplemented with 10% heat-inactivated FBS, 100 units/ml penicillin, and 100 units/ml streptomycin.

Cell migration and invasion assays
----------------------------------

Cell migration was examined by scratch assays. Cells were treated with gefitinib (5 μmol/l) and T0901317 (5 μmol/l) alone or in combination. Three days later, aliquots of the cells were seeded in six-well plates and covered fully with media. The rest of the cells were resuspended (2×10^5^ cells/well) in 200 μl of serum-free media and placed in the upper compartments of transwell chambers (COSTAR, Corning, New York, USA). Subsequently, a 200-μl pipette tip was utilized to scratch the surface of the plates. Cell migration was observed at 0 and 24 h under an optical microscope with a magnification of ×100. All experiments were repeated in triplicate. Transwell migration chambers were used to assess A549 cell invasion ability. As described above, the remaining cells were resuspended (2×10^5^ cells/well) in 200 μl of serum-free media and placed in the upper compartments of transwell chambers. The lower chambers contained 500 μl of RPMI-1640 and 20% fetal bovine serum. The cells in the upper chambers were wiped away using cotton wool after 48 h, and the migrated cells in the lower chamber were fixed with 4% paraformaldehyde and stained with a crystal violet solution. Then, the fixed cells were counted under a light microscope at a magnification of ×100. All experiments were repeated three times.

Western blot analysis
---------------------

Cells were lysed in ice-cold RIPA buffer (Beyotime Biotechnology, Jiangsu, China). The lysates were centrifuged at 4°C for 20 min at 14 000*g*. The supernatants were retained for the subsequent procedures. The protein concentrations were determined using a BCA protein assay kit (Beyotime, Shanghai, China). The samples were separated on NuPAGE 10% Bis-Tris gels (Life Technologies, Beijing, China) and transferred onto polyvinylidene difluoride membranes (Millipore Corporation, Billerica, Massachusetts, USA). Then, the membranes were incubated overnight at 4°C with a primary antibody and incubated with an HRP-conjugated secondary antibody for 1 h. Then, the membranes were visualized using an ECL Plus Kit (Beyotime Biotechnology).

Mouse cancer models
-------------------

Animal studies were carried out according to a protocol approved by the Institute of Animal Use and Care Committee at Washington State University. Male and female BALB/c nude mice (Nanjing Yuanduan Biotechnology Co. Ltd, Nanjing, China) were raised and tested in an SPF barrier system (Suzhou Fengshi Laboratory Animal Equipment Co., Ltd., Suzhou, China). The nude mice were implanted subcutaneously with tumor cells as follows: primary tumors were completely detached and divided into 1 mm×1 mm×1 mm tumor tissue blocks in culture medium. The tumor tissue blocks were transplanted into the lobes of 40 nude mice. The mice were divided randomly into four groups. The first group was injected with soybean oil. The second group was administered gefitinib (50 mg/kg) intraperitoneally. The third group was injected intraperitoneally with T0901317 (10 mg/kg). The last group was administered gefitinib and T0901317 (50+10 mg/kg) intraperitoneally for 4 weeks. After blood was collected, all experimental animals were killed. Fluorescence imaging of the open animals was performed to examine primary tumors and metastases.

Assay of mouse serum MMP9 concentration
---------------------------------------

We used an MMP9 (mouse) enzyme-linked immunosorbent assay kit (Abnova, Jiangsu, China) to determine the differences in the MMP9 concentration in different mouse models. Serum samples were diluted 1 : 100 and used.

Data analysis
-------------

Every experiment was conducted at least three times. All values in the figures are expressed as the mean±SD. We performed unpaired, two-sided Student's *t*-tests with Microsoft Excel 2013 (Microsoft, Redmond, Washington, USA), and *P* values of less than 0.05 were considered to be significant.

Results
=======

T0901317 and gefitinib reduce the migration and invasion of A549 and HCC827-8-1 cells
-------------------------------------------------------------------------------------

Cell migration is known to contribute toward tumor metastasis [@R22]. To determine the effect of T0901317 and gefitinib on the invasive behavior of A549 cells, we used scratch and transwell assays. The results shown in Fig. [1](#F1){ref-type="fig"}a and b indicate that gefitinib (5 μmol/l) and T0901317 (5 μmol/l) in combination can significantly delay scratch healing in A549 and HCC827-8-1 cells. The transwell invasion chamber assays also confirmed significant differences in cell invasion among the cell groups treated with gefitinib (5 μmol/l) and T0901317 (5 μmol/l) alone and in combination (Fig. [1](#F1){ref-type="fig"}c).

![The combination of T0901317 and gefitinib inhibits the migration and invasion of A549 cells. (a) The migration capability of A549 cells after treatment with the combination of T0901317 and gefitinib was determined by wound-healing assays. (b) Transwell assays showed that the combination of T0901317 and gefitinib decreased A549 cell invasion, \*\**P*\<0.01 compared with the control. (c) The migration capability of HCC827-8-1 cells after treatment with the combination of T0901317 and gefitinib was determined by wound-healing assays. \**P*\<0.05.](cad-30-495-g001){#F1}

T0901317 and gefitinib reduce the migration and invasion of A549 cells, possibly by reducing MMP9 expression
------------------------------------------------------------------------------------------------------------

We identified that MMP9 expression decreased after cells were cultivated in gefitinib (5 μmol/l) and T0901317 (5 μmol/l) in combination for 3 days (Fig. [2](#F2){ref-type="fig"}a). It has been reported that high MMP9 expression tended to enhance the metastasis of NSCLC [@R23]. These results indicate that the combination treatment of T0901317 and gefitinib could reduce the expression of MMP9 in A549 cells.

![Western blot results showed that the combination of T0901317 and gefitinib regulated the expression of MMP9 and E-cadherin. (a) The combination of T0901317 and gefitinib reduced the expression of MMP9 in A549 cells. (b) The combination of T0901317 and gefitinib induced the expression of E-cadherin in HCC827-8-1 cells.](cad-30-495-g002){#F2}

T0901317 and gefitinib reduce the migration of HCC827-8-1 cells, possibly by reducing E-cadherin expression
-----------------------------------------------------------------------------------------------------------

Reduced E-cadherin levels in cancer have been discovered in the progression and metastasis of many malignancies [@R24],[@R25]. The expression of E-cadherin increased after cells were cultivated in gefitinib (5 μmol/l) and T0901317 (5 μmol/l) in combination for 3 days (Fig. [2](#F2){ref-type="fig"}b). The results showed that the combination of T0901317 and gefitinib could increase the expression of E-cadherin in HCC827-8-1 cells.

T0901317 and gefitinib reduce tumor metastasis
----------------------------------------------

A fluorescence orthotopic lung cancer model in nude mice showed that the group treated with the combination of T0901317 and gefitinib showed a slower metastasis rate than the other groups (Fig. [3](#F3){ref-type="fig"}a). The metastasis rate of this group was significantly lower than that of the control group, and statistically significant differences were noted (Fig. [3](#F3){ref-type="fig"}b and Table [1](#T1){ref-type="table"}).

![A fluorescent orthotopic lung cancer model showed that the combination of T0901317 and gefitinib inhibited the metastasis rate in nude mice. (a) The combination of T0901317 and gefitinib inhibited metastasis in nude mice. (b) The group treated with the combination of T0901317 and gefitinib showed a slower metastasis rate than the other groups. \**P*\<0.05.](cad-30-495-g003){#F3}
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Statistical results of the orthotopic transplantation tumor model of nude mice with fluorescent lung cancer

![](cad-30-495-g004)

T0901317 and gefitinib reduce serum MMP9 concentrations in mice
---------------------------------------------------------------

An MMP9 (mouse) enzyme-linked immunosorbent assay kit was used to measure the concentration of MMP9 in the serum of different treatment groups. It was found that the concentration of MMP9 in the T0901317 and gefitinib combination group was significantly lower than that in the control group (Fig. [4](#F4){ref-type="fig"}).

![The concentration of MMP9 was significantly decreased in the T0901317 and gefitinib combination group. \**P*\<0.05.](cad-30-495-g005){#F4}

Discussion
==========

NSCLC has such a poor prognosis that the development of effective agents is very important. Gefitinib has been used to treat lung cancer patients for a long time. The antineoplastic properties of LXR agonists have also been reported continuously over recent years. Our study shows a possible therapeutic role for T0901317 combined with gefitinib; this combination has antineoplastic properties that suppress migration and invasion *in vivo* and *in vitro*.

T0901317 and gefitinib affect cell proliferation 3 days after dosing according to our previous study [@R11]. We chose to conduct the experiment within 3 days after adding the drugs. The cell scratch assay showed that the combination of gefitinib and T0901317 can significantly reduce the migration of A549 and HCC827-8-1 cells *in vitro*. Meanwhile, the transwell assay indicates that the combination of gefitinib and T0901317 can significantly reduce the invasion of A549 cells. The lung cancer in-situ nude mouse model showed only 10% metastases in the combination group and 70% metastases in the control group. The serum MMP9 concentration in the mice was lower in the combination group than in the other groups. Consistent with this observation, we confirmed that the protein expression of MMP9 was significantly decreased after treatment with T0901317 and gefitinib in combination.

In our previous study, we found that phospho-ERK levels were lower in the combined treatment group than in the control group or the single drug group. The *ERK/MAPK* pathway is often aberrantly activated in human cancers, and this activation can lead to enhanced cell invasiveness. The fact that MMPs play a vital role downstream of the *ERK/MAPK* signaling pathway is widely acknowledged [@R23],[@R26]. These results indicate that T0901317 and gefitinib can inhibit the metastasis of A549 cells by suppressing the *ERK/MAPK* signaling pathway. LXR agonists and EGFR-TKIs have a potential synergistic effect in inhibiting the activation of the *ERK/MAPK* pathway. The migration of HCC827-8-1 cells may be inhibited by the reduction of E-cadherin.

Conclusion
----------

Our study showed that the combination of the LXR agonist T0901317 and gefitinib can inhibit the migration and invasion of lung cancer both *in vivo* and *in vitro*, and this effect was possibly achieved by the inhibition of the *ERK/MAPK* signaling pathway. We will explore more details about the antineoplastic effect of the LXR agonist and attempt to identify the potential mechanism in a future study.
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